Review Problems:
1.28

1.63

3.20

3.46a) & b)
3.113

3.125

1) Consider a plane wall that is insulated on the inner wall, while the outer wall is held
at a constant temperature of 300K. The wall is 20 cm thick and made of Stainless Steel.
The volumetric heat generation in the wall is given by the following expression ¢ = Q- x,

where Q = 1000 W/m".
a) Derive and expression for the steady state temperature profile within the wall.
b) Calculate the heat flux at each wall

2) Compare the effectiveness and the efficiency of a rectangular versus a cylindrical fin.
Both fins are the same length of 40 cm and are made of pure copper. The cylindrical fin

has a diameter of 10 cm, while the rectangular fin has a thickness of 2 cm and a width of
13.72 cm. The heat transfer coefficient, h = 10 W/m2K, the base temperature of the fin is
50 C while the air is at 20 C.

a) Calculate the effectiveness and efficiency of both fins assuming an adiabatic tip.
b) Calculate the heat loss through the cylindrical fin
c) Calculate the temperature at the tip of the cylindrical fin.



PROBLEM 1.28

KNOWN: Length, diameter, surface temperature and emissivity of steam line. Temperature

and convection coefficient associated with ambient air. Efficiency and fuel cost for gas fired
furnace.

FIND: (a) Rate of heat loss, (b) Annual cost of heat loss.

SCHEMATIC:
Tw=25C
“ h =10 W/m2-K
Tsur = 25°C \Ckonv /\

rad T, = 150°C, ¢
D =100 mm
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ASSUMPTIONS: (1) Steam line operates continuously throughout year, (2) Net radiation
transfer is between small surface (steam line) and large enclosure (plant walls).

ANALYSIS: (a) From Egs. (1.3a) and (1.7), the heat loss is
0= 0conv™ drad= AEW(TS‘ Tw)+50(T4$‘ T4$u)'§

where A =7DL =7(0.1mx 25m) = 7.8511 .

Hence,

q=7.85nf J10 Wi DK 150 25 k& 08 567 1§ whw 4{ 433 2%8 K

q=7.85nf (1,250 1,095 wifn=( 98%3 85P2 W 18,405 W <

(b) The annual energy loss is

E=qt=18,405 Wk 3600 s 24hid 365 dy 580110 J

With a furnace energy consumption®f = E/nf = 6.45¢ 161 Jthe annual cost of the loss
is

C=CyEf = 0.01$/MX 6.48 0 MJ  $6450 <

COMMENTS: The heat loss and related costs are unacceptable and should be reduced by
insulating the steam line.



PROBLEM 1.63

KNOWN: Dimensions, average surface temperature and emissivity of heating duct. Duct air
inlet temperature and velocity. Temperature of ambient air and surroundings. Convection
coefficient.

FIND: (a) Heat loss from duct, (b) Air outlet temperature.

SCHEMATIC:
Ts=50°C, =05

N . : Ambient Air

Tsur=5"C
H=200 mm ! Teo=5°C
= 2.

Heated air h =4 W/ms-K .
V=4m/s |%}
T;=58°C |

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and
kinetic energy changes of air flow, (4) Radiation exchange between a small surface and a large
enclosure.

ANALYSIS: (a) Heat transfer from the surface of the duct to the ambient air and the
surroundings is given by Eq. (1.10)

= hAg(Ts~ T ) +€A g(T‘é—T“SU)

where A=L(2W +2H)=15m (0.7 m+ 0.5 m) = 16.§m-|ence,

q=4 W/nf [Kx16.5 n?( 485 #+ 08 165fx 567 18  whm ‘(< 323 z‘)s 4K

0= Oconv+ drad= 2970 W+ 2298 W 5268 W <
(b) With i = u + pv, W= 0 and the third assumption, Eq. (1.11€) yields,

m(ij —ig) =mcp (Ti-To) =1
where the sign on g has been reversed to reflect the fact that heat transfethe system.
With m=pVA;=1.10 kg/nP x 4 m/§¢ 0.35m 0.20p=  0.308 kgthe outlet temperature is

To=Ti-—1 =58 C- 5268 W =4f C <
ey 0.308 kg/s 1008 J/kg K

COMMENTS: The temperature drop of the air is large and unacceptable, unless the intent is
to use the duct to heat the basement. If not, the duct should be insulated to insure maximum
delivery of thermal energy to the intended space(s).



PROBLEM 3.20

KNOWN: Materials and dimensions of acomposite wall separating a combustion gas from a
liquid coolant.

FIND: (a) Hesat loss per unit area, and (b) Temperature distribution.
SCHEMATIC:

XR*C-OO!;THZ K/W ( )
Beryllium ox/de R Stainless steel (304
L s PR $4 4 CoalenD
gaseslr?lr 7;;,;,—100C
T2 22600 C bz =1000 Wim2-K

hy=50 W/ m*-K Tt AN e AN AN NN

LA']Omm—i“"*—ﬂ—LB-ZOMM i ILA' th éﬁ_ 711; 9

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)
Constant properties, (4) Negligible radiation effects.

PROPERTIES: Table A-1, St. St. (304) ('T' = 1000K): k =25.4 W/mK; Table A-2,
Beryllium Oxide (T = 1500K): k = 21.5 W/mIK.
ANALYSIS: (a) The desired heat flux may be expressed as

a Too 1~ Teo 2 (2600-100)° C

o= _
1,La th+£+i 01,001, ., 002, 1 Om°K
o ka kg B0 215" 254 10008 W

q=34,600 W/m?. <

(b) The composite surface temperatures may be obtained by applying appropriate rate
equations. From the fact that q'=hy ( w1~ Tsl) it follows that

' 2
Ts1=Too 1 —ﬂ— = 2600° C ~ 26O WIM™ 1 g0e .

1 50 W/m? (K
With g=(ka /L )(Ts1-Te1). it dsofollows that

LAG _ once~ 0.0IMx 34,600 W/m?

Toq=Taq- ~1892°C.
cl™'s1 7y 21.5 W/imIK

Similarly, with ¢'=(Tg,1 - Te2)/ Rec

2
MK 34,600 =162°C
2

T2 =Te1 — Ry c0'=1892°C -0.05

Continued .....



PROBLEM 3.20 (Cont.)
and with o'= (kg /Lg )(Te2 - Ts2),

0.02mx 34,600 W/m?
25.4 W/mK

=134.6°C.

Ts2=Te2 ——qu =162°C -
B

The temperature distribution is therefore of the following form:

Teo,1=2600 . T, , =162 °C

1;,1=1908°C‘/ / / /_7;1:134.6‘(
R I e T

COMMENTS: (1) The caculations may be checked by recomputing g* from

o' =h2(Ts 2 ~ Teo 2) =1000W/m? [K (134.6-100)° C=34,600W/m?

(2) Theinitia estimates of the mean material temperatures are in error, particularly for the
stainless steel. For improved accuracy the cal culations should be repeated using k values

corresponding to T = 1900°C for the oxide and T = 115°C for the stedl.

(3) The mgjor contributions to the total resistance are made by the combustion gas boundary

layer and the contact, where the temperature drops are largest.



PROBLEM 3.46
KNOWN: Conditions associated with a composite wall and a thin electric heater.

FIND: (a) Equivalent thermal circuit, (b) Expression for heater temperature, (c) Ratio of outer and inner
heat flows and conditions for which ratio is minimized.

SCHEMATIC:

0 <« g - do

/ In(rolrq)  In(r \/r ) N 1
(h;2mrq)" 21 3720 (ho2mrg)

27'ckB 2nkA

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties, (3) Isothermal
heater, (4) Negligible contact resistance(s).

ANALYSIS: (a) On the basis of aunit axial length, the circuit, thermal resistances, and heat rates are as
shown in the schematic.

(b) Performing an energy balance for the heater, Ej,, = Eqyt , it follows that

Th~Teo | Th ~Teo
qh(ZTsz):qi+qo: h_l |r’]|(r2/r1)+ h_l |’r(])(r3/l’2) <
(hj 2rm ) T oke (ho27m3) +W
(c) From the circuit,
-1 In(r2/r1)
h; 27r- +
do_(Th=Teo) (W2 "+ o <
d  (Th-Tew) (ho2rm )-1+In(r3/r2)

To reduce q’o / g , one could increase kg, hi, and r4/r,, while reducing ka, ho and ra/r;.

COMMENTS: Contact resistances between the heater and materials A and B could be important.



PROBLEM 3.113

KNOWN: Very longrod (D, k) subjected to induction heating experiences uniform volumetric
generation (q) over the center, 30-mm long portion. The unheated portions experience convection

(Teo, D).

FIND: Calculate the temperature of the rod at the mid-point of the heated portion within the cail, T,
and at the edge of the heated portion, Ty,

SCHEMATIC:
T = 20°C ”
= = 7 55106 W/m?3 h =10 W/m2-K _ ax(L) = ar

!Ooqu_'x m TLLLZZ222 2227,
| ] | o =3
io ©0 OI Lo77770007777, \

> X Very long rod, 5 mm dia. x=0 x=L =~ Fin

L=15mm k =25 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with uniform ¢ in

portion of rod within the cail; no convection from lateral surface of rod, (3) Exposed portions of rod
behave as infinitely long fins, and (4) Constant properties.

ANALYSIS: The portion of the rod within the coil, 0 < x < + L, experiences one-dimensional
conduction with uniform generation. From Eq. 3.43,

To=——+Tp (1)

The portion of the rod beyond the cail, L < x < o, behaves as an infinitely long fin for which the heat
rate from Eq. 3.80is

ar =ax (L) =(hPkag )M 2(

whereP=1D and A. = nD2/4. From an overall energy balance on the imbedded portion of the rod as
illustrated in the schematic above, find the heat rate as

Tp —Teo ) (2

Ein —Eout +I.Egen =0

—0gf +9AcL =0

af =0AcL ©)
Combining Egs. (1-3),

Tp = Too +0AY 2L (hPK) /2 (4

4L?

To=Toy + 5 +OAT 2L (hPx) /2

)
and substituting numerical values find

To =305°C Ty =272°C <



PROBLEM 3.125
KNOWN: Dimensions and end temperatures of pin fins.

FIND: (a) Hesat transfer by convection from asingle fin and (b) Total heat transfer from a 1
m2 surface with fins mounted on 4mm centers.

SCHEMATIC:
DI
TO-100°C~ 2 27 h=100WmK |, AT)-0°C
! $ >
9cond, i et e i 9cond,o

D
s x Imm JQCOIIV L=25mm
ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along rod, (3) Constant
properties, (4) No internal heat generation, (5) Negligible radiation.
PROPERTIES: Table A-1, Copper, pure (323K): k =400 W/mK.
ANALYSIS: (a) By applying conservation of energy to thefin, it follows that

Gconv = Ycond,i ~Ycond,o

where the conduction rates may be evaluated from knowledge of the temperature distribution.
The general solution for the temperature distribution is

8(x)=Cpe™ +C, e™ =T -Te.

The boundary conditions are 6(0) = 6, = 100°C and 6(L) = 0. Hence
6p =C1+Co
0=y M +c, eMt

Therefore, C,=C, e?M

90 C2 _ _90 e2m|_

CG=——>F=—, —_
1_e2mL 1_eZmL

and the temperature distribution has the form

9= o mx _e2mL-mx[]
1-e2mL B
The conduction heat rate can be evaluated by Fourier’slaw,

do KA -6, 2mL-
- kA 0% _ _ KAc% mx  o2mL-mx[]
Gcond Cx 12l m € i

)1/ 2

or, with m = (hP/kA

1/2
Geond = - 0o (thAc) mx +eZmL—me_
1—e2mb 8

Continued .....



PROBLEM 3.125 (Cont.)
Henceat x = 0,

1/2
Geond = _ 6o (hPkAC) (1+e2mL)
! 1_e2mL
ax=L
1/2
__o(PRA?
Ucond,0 = -2l €

Evaluating the fin parameters:

/2
__Ohp D1/2:D4hD1‘/2:E 4x100 W/m? [K Sl s 60 il
*AcH HOH 500 WimK x0.001mg '

D‘]./Z [ n2 D1/2
(hPkac )Y 2 =B D3%kO =0 x(0.001m)® x100 \ZN x40 =093x103 W
g4 g B4 m~ [K mKg K
mL =31.62 m1x0.025m =0.791, eMl =2 204, e?ML -4 865
The conduction heat rates are
~100K (9.93x10'3 W/K)
.= x5.865 =1.507 W
Ucond,i ~3.865
~100K (9.93><10'3 W/K)
- x4.408 =1.133 W
Gcond,0 3.865
and from the conservation relation,
Oeony =1.507 W —1.133 W =0.374 W. <

(b) Thetotal heat transfer rate is the heat transfer from N = 250%x250 = 62,500 rods and the
heat transfer from the remaining (bare) surface (A = 1m2 - NA(). Hence,

=N deond, +hAB, =62,500 (1.507 W) +100W/m? & (0.951 m2) 100K

q=9.42x10% W+0.95x10% W=1.037 x10° W.
COMMENTS: (1) Thefins, which cover only 5% of the surface area, provide for more than
90% of the heat transfer from the surface.
(2) Thefin effectiveness, € =qgongj / hAb,, is€ =192, and the fin efficiency,
N =(Aeony /1T DL ), is n=0.48.
(3) The temperature distribution, 8(x)/8,, and the conduction term, gcong,j, could have been
obtained directly from Egs. 3.77and 3.78, respectively.
(4) Heat transfer by convection from a single fin could also have been obtained from Eq. 3.73.
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